Atmospheric pressure cold plasma technology is an emerging nonthermal food technology for microbiological decontamination of food and bio-materials. This study demonstrates the applicability of in-package cold plasma technology as a novel means to inactivation of enzymes. The kinetics of inactivation of tomato peroxidase as a model enzyme was studied at 30, 40 and 50kV, for up to 5' of atmospheric air dielectric barrier discharge plasma treatments. The enzyme activity was found to decrease with both treatment time and voltage, the former variable exhibiting a more pronounced effect. Kinetic models viz. first-order, Weibull and logistic models were fitted to the experimentally observed data to numerate the model parameters. The enzyme inactivation kinetics was found to be best described the sigmoidal logistic function.
Introduction
The inactivation of enzymes endogenous to fruits and vegetables is one of the most important aims of food preservation operations. The loss of quality parameters such as colour, flavour, texture and nutritional characteristics in raw, minimally or fully processed fruits and vegetables during storage as a consequence of the activity of residual endogenous enzymes is well recognised. For example, pectic enzymes particularly pectin methylesterase influence viscosity, cloud stability (Espachs-Barroso, Van Loey, Hendrickx, & Martín-Belloso, 2006) , polyphenol oxidases result in browning and off-colour development (McEvily, Iyengar, & Otwell, 1992) , while peroxidases catalyse peroxidation reactions, the end products of which can lead to off-flavour development in a number of food products.
To prevent unwanted changes during storage, fruit and vegetable products are generally subjected to suitable processing for inactivation of enzymes. Heat treatments such as blanching, pasteurization, or commercial sterilization are common conventional processes to achieve this (Anthon & Barrett, 2002) .
Despite the fact that thermal processes can effectively inactivate enzymes, their detrimental impact on colour, flavour and nutritional quality of food products cannot be overlooked. The limitations of thermal processes have articulated the need of novel nonthermal technologies. The potential of nonthermal technologies to inactivate enzymes either alone or in combination with heat treatment is well documented through more than a decade's research. To cite an example, Cano, Hernandez, & Ancos (1997) and Terefe, Yang, Knoerzer, Buckow, & Versteeg (2010) have reported inactivation of peroxidase and polyphenol oxidase using high pressure processing. Likewise, Aguiló-Aguayo, Odriozola-Serrano, Quintão-Teixeira, & Martín-Belloso (2008) and Elez-Martínez, et al. (2006) have reported inactivation of peroxidase during pulsed electric field processing. Effects of ultrasound processing on enzymes of importance to food processing have been studied by Lopez, Sala, de la Fuente, Condon, Raso, & Burgos (1994) , Ercan & Soysal (2011) and reviewed in detail by O'Donnell, Tiwari, Bourke, & Cullen (2010) .
However, the requirement of complex or expensive equipment (as for high pressure processing and pulsed electric field processing) or even difficulties encountered in development of suitable commercial scale equipment (e.g. ultrasound processing) for most nonthermal technologies cannot be overlooked.
The need for a relatively simple to operate and cost-effective technology for processing of fresh produce and/or their products still persists.
Cold plasma is an emerging nonthermal food technology which has recently drawn considerable interest for decontamination of foods and food processing surfaces. The term ''plasma'' refers to a partially or wholly ionized gas composed essentially of photons, ions and free electrons as well as atoms in their fundamental or excited states possessing a net neutral charge (Misra et al., 2012) . Depending on the relative energy levels of electrons and constituent species, plasmas are classified into thermal or nonthermal plasmas. Unlike thermal plasmas, nonthermal plasmas are characterised by disequilibrium of temperature between the electrons and ions (hence also referred to as non-equilibrium plasmas).
Cold plasmas at atmospheric pressures can be generated using several techniques. Dielectric barrier discharge (DBD) is one such method which offers versatility in its mode of operation and system configuration. In DBD, plasma is generated between two electrodes, separated by one or more dielectric barriers. The dielectric material inhibits the transition to arc regime in a DBD.
Fundamentals of cold plasma technology and its applications to decontamination of foods have been reviewed by Misra, Tiwari, Raghavarao, & Cullen (2011) and Niemira (2012) . Unlike research for foodborne pathogen inactivation, no studies have been conducted to this end to evaluate the effect of DBD plasma on enzymes from fruit or vegetable sources. This general scarcity of information regarding inactivation of endogenous food enzymes in literature forms the motivation of the present work.
Plant peroxidases (POD, donor: hydrogen peroxide oxireductase, E.C.1.11.1.7) are commonly found in many fruits and vegetables. The presence of this enzyme has been found to have an empirical relationship to off-flavours and off-colours in raw and unblanched frozen vegetables (Ercan, et al., 2011) .
POD being one of the most heat stable enzymes is conventionally used as a marker to monitor and evaluate the extent of heat treatment (Gonçalves, Pinheiro, Abreu, Brandão, & Silva, 2007; Williams, Lim, Chen, Pangborn, & Whitaker, 1986) . The specific aims of this work were (i) to evaluate the effects of atmospheric pressure DBD based cold plasma process variables upon activity of tomato peroxidase and (ii) model the kinetics of enzyme activity. 
Materials and Methods

Materials
Preparation of crude extract
Crude enzyme was extracted following the method used by Hemeda & Klein (2006) with slight modifications. Tomatoes were washed and cut into small pieces and blended at high speed for 1 minute with 20% (w/v) water addition at 4°C. The homogenate was stirred for 15 min and then centrifuged at a relative centrifugal force of 13000g for 30 min at 4°C with a centrifuge (Sanio MSE Mistral 3000ii, UK). Supernatant solutions were collected and then filtered through Whatman No. 4 paper. The filtered solution constituted the enzyme extract and it was kept frozen at -18°C until plasma treatments, which were carried out within 48 h of the extract preparation (Ercan, et al., 2011) . Each experiment was run in two replicates (15 mL extract per run) and all measurements were performed at least in duplicate.
Plasma treatment
Figure 1 Schematic of the experimental setup for DBD plasma system.
A schematic of the experimental setup has been presented in Figure 1 and also described elsewhere (Ziuzina et al., 2013) . Briefly, the DBD plasma source is comprised of two circular aluminium plate electrodes (outer diameter = 158 mm) over polypropylene (PP) dielectric layers (2 mm thickness) between which a PP package containing the crude enzyme extract in a petriplate is placed. When the potential across the gap reaches the breakdown voltage the dielectric acts as a stabilizing material leading to the formation of a large number of micro-discharges. The discharge was obtained instantaneously at voltages above 28kV with the current experimental set-up. The applied voltage to the electrode, obtained from a step-up transformer (Phenix Technologies, Inc., USA) was regulated using a variac (supplied by the manufacturer of transformer). The primary winding of high voltage step-up transformer (Phenix Technologies, Inc., USA) obtained input from 230V, 50 Hz frequency mains supply.
The rigid PP package had dimensions of 310mm × 230mm × 22mm and also served as a dielectric material. In order to obtain a stable discharge, 2mm thick polypropylene boards were used as dielectric barriers at either ends. The distance between the electrodes was 26 mm. The atmospheric air condition at the time of treatment was 42% relative humidity (RH) and 25 °C, as measured using humiditytemperature probe connected to a data logger (Testo 176 T2, Testo Ltd., UK).
POD assay
POD activity was measured using the method described by Cano, et al. (1997) . POD activity was assayed spectrophotometrically by placing 2.7 mL of 0.05M sodium phosphate buffer (pH = 6.5), 0.2 ml of pphenylenediamine (10 g/kg) as H-donor, 0.1 ml of hydrogen peroxide (15 g/kg) as oxidant and 0.1 ml of enzymatic extract in a 1 cm path cuvette. The oxidation of p-phenylenediamine was measured at 485 nm and 25°C using a Shimadzu UV 1800 spectrophotometer (Shimadzu Scientific Instruments). POD activity was determined by measuring the initial rate of the reaction computed from the linear portion of the plotted curve. One unit of POD activity was defined as a change in absorbance at 485 nm min −1 ml −1 of enzymatic extract.
POD inactivation kinetics
The percentage of residual POD activity (RA) was defined by equation 1: were determined immediately after plasma treatment to avoid any effect of storage time. Experimental data was modelled using a first-order inactivation model (equation2). Weibull distribution (equation 3), was also fitted for investigation of the inactivation kinetics. In addition to first order and Weibull model, a three parameter logistic model, presented in equation 5, was also evaluated, considering the visual shape of data. 
Result and Discussion
Effect of voltage and treatment time on POD activity
DBD plasma treatments were significantly (p < 0.05) effective in reducing the POD activity. Since temperatures that could have caused thermal inactivation of the enzyme were never reached, the inactivation that was observed was attributed to DBD plasma treatment alone. This was confirmed by recording the temperature rise using a handheld infrared thermometer (Maplin Electronics, UK), which recorded a maximum temperature rise of only 5 °C for all experiments. Treatment times and voltage both were found to have a significant effect (p≤0.05) on residual activity of peroxidase. There was a significant difference in residual activity for all three applied voltages at 95% level of confidence. The interaction between voltage and time was also found to be significant (p≤0.05).
First-order kinetic model
The inactivation rate constants ( p K ) were calculated from the slope of the lines and are summarised in Table 1 along with the regression coefficients for first-order kinetic model at the different voltage levels.
It can be observed that although the R 2 values are high enough (0.99), the RMSE values are not satisfactory. Therefore, first-order model was considered inefficient in describing the POD residual activity. Moreover, in view of the complexity of the structure of an enzyme and the possible variety of different phenomena involved in the inactivation, the assumption that the disruption of a single bond or structure is sufficient to inactivate the enzyme, as proposed in first-order kinetics seems to be exceedingly simple (Adams, 1991) . Table 1 . Results on the parameters of the models fitted to inactivation kinetics of POD enzyme.
R 2 = regression coefficients; a = Value ± Standard Error
Model based on Weibull Distribution
The scale parameter (α) and shape parameter (ϒ) of the Weibull model were obtained by fitting experimental data to equation 3. The estimates of α and ϒ along with R 2 values are listed in Table 1 . The
Weibull model exhibited a strong fit to predict residual POD activity after DBD plasma treatments as indicated by the high coefficient obtained (R 2 ≥ 0.99) for all voltage levels studied in this experiment. The scale parameter ranged from 1.09 to 1.64, and exhibited an inverse dependency on voltage levels i.e.
higher the applied voltage level, lower will be the scale parameter obtained. The shape parameter ranged from 1.48 to 2.00. Figure 2 shows the fitted curves of the Weibull model at different voltage levels. It can be clearly observed that Weibull fit could not account for the tailing observed at 30kV treatment voltage, which is also obvious from the corresponding higher RMSE value. Therefore, a logistic model was proposed for further explanation. 
Model
Figure 2 Weibull model curve fitting at different voltage levels for POD residual activity
Logistic model
The characteristic parameters of the Logistic model for POD inactivation were obtained from the experimental data fitted to equation 5 and shown in Figure 3 . Estimates of parameters were significant at p ≤ 0.05 and R 2 value indicated that this model explained 99% of the variability in RA. The A min value of 2.20 ± 0.56 for 30kV treatment explained the observed tailing effect. A t 50 value of 0.89 min accounted for the rapid POD inactivation at 50 kV compared to 30 and 40 kV treatments. Thus, it was concluded that the POD inactivation followed a sigmoidal inactivation, which can be explained by the logistic type model.
Figure 3 Logistic model curve fitting at different voltage levels for POD residual activity
We observed a general lack of published work on effects of DBD plasma on enzyme systems from fruit and vegetable sources. Therefore, the proposed mechanisms of inactivation were based on the works done on egg white lysozyme using low frequency helium plasma jet system by Takai, Kitano, Kuwabara, & Shiraki (2012) and nitrogen-oxygen plasma by Bernard, Leduc et al. (2006) . The authors have attributed the decrease in the enzyme activity to a change in the secondary protein structure and modification of some amino acids side chains of the enzymes. In a former study on exposure of lipase derived from Candida rugosa (Type VII, L-1754) to radio-frequency, atmospheric-pressure glow discharge Helium plasma jet an increase in the lipase activity was reported (Li, et al., 2011) . Irrespective of the positive or negative effects on enzyme activity, this was also assigned to the changes in secondary and tertiary structure of protein by the reactive species of the plasma discharge. The study of effect of atmospheric pressure glow discharge plasma on bovine serum albumin has also confirmed the degradation of protein integrity (Deng, Shi, Chen, & Kong, 2007 ) upon plasma treatment. One possible mechanism of reaction between plasma generated reactive species and protein suggested by Takai, et al. (2012) acids, such as cysteine, aromatic rings of phenylalanine, tyrosine, and tryptophan causing loss of enzyme activity. Similar mechanism for decomposition of C-H, C-N and N-H bonds of protein is also described by Hayashi, Kawaguchi et al. (2009) . The DBD employed in the present study also generates reactive nitrogen species and primarily ozone when humid air is used as operating gas (Misra, Ziuzina, Cullen, & Keener, 2012) . By analogy, it is intuitive to believe that DBD plasma operating in atmospheric air causes changes in POD in enzyme extract through similar action of the species formed in the liquid media by diffusion from the gas phase plasma. However, further research is desired to deduce a global mechanism of enzyme inactivation under the influence of DBD cold plasma.
Conclusion
The effect of atmospheric cold plasma generated inside a sealed package on enzyme activity as a function of voltage and treatment time is reported. Treatment voltage and time were both found to have a significant effect on POD inactivation. The kinetic of inactivation were modelled using first-order, Weibull, and Logistic models. Treatment conditions were found to influence the inactivation rates and the shape of the inactivation curve, with tailing evident at the lowest voltage employed. The results from this study indicate that cold plasma can inactivate enzymes, in addition to the reported studies on microbial inactivation. However the mechanisms of action of cold plasma on POD and other enzyme inactivation requires further investigation.
